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Abstract
Cholesteryl hemisuccinate (CHEMS) is an amphipathic lipid that can regulate cell growth. A comparison of the effects of
CHEMS and cholesterol on 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) bilayers was investigated using fluorescence techniques. In liquid^crystalline phase POPC
bilayers, CHEMS increased the interfacial surface charge, but was less effective than cholesterol in reducing acyl chain
mobility and interfacial hydration. In liquid^crystalline phase DPPC bilayers, CHEMS and cholesterol were equally effective
in reducing acyl chain mobility. Similar to the POPC matrix, CHEMS increased the interfacial surface charge and cholesterol
decreased the surface hydration. The different effect of cholesterol and CHEMS on acyl chain mobility may be due to a
preferential interaction of cholesterol with POPC. In gel phase DPPC bilayers, CHEMS and a succinylated pyrenyl
cholesterol analog exhibited different effects on membrane physical^chemical properties than cholesterol. Succinylation also
increased the rate of transfer of the pyrenyl cholesterol analog between single unilamellar vesicles approximately seven fold.
This process demonstrated first-order kinetics which indicated that transbilayer migration was not a rate-limiting step. The
succinylation of cholesterol places a carboxyl group at the lipid^water interface and the sterol ring deeper in the bilayer. For
a structural model to explain its biological properties, CHEMS should be considered a bulky fatty acid. ß 1998 Elsevier
Science B.V. All rights reserved.
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1. Introduction
Cholesteryl hemisuccinate is a biologically active
lipid that demonstrates antiproliferative activity in
cancer cells [1,2], protects cells from drug induced
toxicity [3,4], and can regulate cellular enzymatic ac-
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Abbreviations: CHEMS, cholesteryl hemisuccinate; TS, K-tocopheryl succinate; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine;
POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPA, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate; POPE, 1-palmitoyl-2-
oleoyl-sn-3-phosphoethanolamine; POPG, 1-palmitoyl-2-oleoyl-sn-3-phospho-rac-(1-glycerol); DPH, 1,6-diphenyl-1,3,5-hexatriene; HC,
4-heptadecyl-7-hydroxycoumarin; prodan, 6-propionyl-2-dimethylaminonaphthalene; G.P., generalized polarization; laurodan, 6-dodec-
anoyl-2-dimethylaminonaphthalene; PMC, 1-pyrenemethyl 3L-hydroxy-22,23-bisnor-5-cholenate; PMC-succinate, 1-pyrenemethyl 3L-
(succinoyloxy)-22,23-bisnor-5-cholenate; SUV, single unilamellar vesicles; w/w, weight/weight ratio; T, temperature; Tc, gel to liquid
crystalline phase transition temperature
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tivities [5]. A structurally similar molecule, K-toco-
pheryl succinate, also can inhibit cell proliferation
[6], induce cell apoptosis [7^9], and regulate speci¢c
signal transduction pathways [10,11]. Studies using
non-hydrolyzable ether analogs of these compounds
have demonstrated that the intact molecule is needed
for these biological activities [1,2]. The acidic nature
of these compounds also is needed for biological ac-
tivity [3]. It has been postulated that the antiprolifer-
ative action of these compounds may be related to
their physicochemical properties that allow incorpo-
ration into cell membranes [2]. CHEMS has been
demonstrated to alter membrane acyl chain motion
or £uidity in model and cell membranes [12^14].
However, cholesteryl sulfate, which has a similar hy-
drophobic chemical structure, does not demonstrate
antiproliferative activity [2]. CHEMS and TS have
similar biological properties. However, based on
the di¡erent interaction of their parent compounds,
K-tocopherol and cholesterol, with unsaturated
phosphatidylcholines, they may partition into dif-
ferent cellular membrane domains [14^16]. More
information is needed on the interaction of these
lipids with other membrane components to generate
a structural model to de¢ne their biological func-
tions.
Many signal transducing enzymes, e.g., protein
kinase C and phospholipase A2, are cytoplasmic pro-
teins that bind to membranes where membrane lipid
composition directly regulates their enzymatic activ-
ity. The physical^chemical properties that regulate
protein kinase C membrane association and activa-
tion include surface charge density due to the pres-
ence of acidic lipids, increased spacing between
phospholipid headgroups, regions of high bilayer
curvature, and the hydration state of the mem-
brane surface [17]. Changes in acyl chain order or
£uidity is usually a poor predictor of the e¡ect of
di¡erent lipids on enzyme activity [18]. Meas-
urements of both acyl chain order and mem-
brane interfacial properties, e.g., hydration and
surface charge, are needed to understand the func-
tional aspects of how membrane lipid components
can regulate the activities of peripheral membrane
proteins.
One aspect of the biological activity of CHEMS
and TS is their interaction with other membrane
components and how this may alter membrane pro-
tein activity. To compare the e¡ect of cholesterol and
CHEMS on the physical properties of POPC and
DPPC, we have used £uorescence techniques. To de-
termine changes in acyl-chain mobility and phase
behavior, the £uorescence polarization of DPH was
used [19,20]. To investigate changes in surface hydra-
tion, the solvent-dependent £uorescence properties of
prodan was measured [21^24]. To measure changes
in surface charge, the £uorescence of HC was used
[25,26]. This information will help de¢ne the e¡ect of
CHEMS on the physical^chemical properties of the
lipid^water interface.
A second aspect of the biological activity of
CHEMS and TS is the mechanism for their cellular
uptake and intracellular distribution. Fatty acids and
other similar molecules can rapidly undergo transbi-
layer migration (‘£ip-£op’) in model membranes. The
mechanism of fatty acid £ip-£op across the plasma
membrane has been suggested to mediate fatty acid
cellular uptake [27^30]. Analogous to fatty acids, the
protonated forms of CHEMS and TS may readily
£ip-£op across the plasma membrane to enter into
cells, whereas molecules which possess a perma-
nent negative charge, e.g., cholesteryl sulfate,
cannot [31,32]. The pyrenyl cholesterol analog,
PMC, and its succinyl ester, PMC-succinate, was
used to measure the rate of transfer across bilayer
surfaces and between single unilamellar vesicles
[32^34].
2. Materials and methods
2.1. Materials
POPC, POPA, POPE, POPG, and DPPC were
purchased from Avanti Lipids (Alabaster, AL).
CHEMS was from Sigma Chemical Co. (St. Louis,
MO), and cholesterol was from Calbiochem-Nova-
biochem (San Diego, CA). DPH, HC, PMC, and
prodan were purchased from Molecular Probes
(Grand Junction, OR). PMC-succinate was synthe-
sized using a procedure developed for the synthesis
of £uorescent phosphatidylcholines [34]. PMC was
acylated with succinic anhydride using 4-pyrrolidino-
pyridine as a catalyst and puri¢ed on Bond Elut
LRC NH2 columns (Varian Sample Preparation
Products, Harbor City, CA).
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2.2. Preparation of model membranes
Liposomal membranes were prepared by mixing
cholesterol or CHEMS and the appropriate phos-
pholipid in chloroform. The samples were dried
under a stream of nitrogen and subsequently lyophi-
lized for at least 1 h to remove any trace of organic
solvent. The dried lipids were solubilized in a bu¡er
(100 mM NaCl, 1 mM NaN3, 1 mM EDTA, 10 mM
Tris, pH 7.4) and incubated for 1 h at 55‡C with
occasional vortexing to ensure complete hydration.
The £uorescent probes were introduced into the sam-
ples by injection of microliter aliquots of a solution
of the probe in ethanol. The samples were incubated
at 55‡C for 1 h to ensure probe equilibration. Final
concentration were less than 0.1% ethanol and con-
tained 1 mole of probe per 500 moles of phospho-
lipid.
For the preparation of POPC, DPPC, POPC/
POPE (1:1 w/w), POPC/POPA (1:1 w/w), POPC/
POPG (1:1 w/w), and POPG liposomes containing
5 mol% PMC or PMC-succinate, the phospholipids
and the pyrene labeled lipids were initially co-mixed
in chloroform. The samples were dried under a
stream of nitrogen and subsequently lyophilized for
at least 1 h to remove any trace of organic solvent.
The dried lipids were solubilized in a bu¡er (100 mM
NaCl, 1 mM NaN3, 1 mM EDTA, 10 mM Tris, pH
7.4) and incubated for 1 h at 55‡C with occasional
vortexing to ensure complete hydration. For the
preparation of single unilamellar vesicles containing
5 mol% PMC or PMC-succinate with POPC, POPC/
POPE (1:1 w/w), POPC/POPA (1:1 w/w), POPC/
POPG (1:1 w/w), and POPG, the liposomal prepa-
rations were sonicated using a probe sonicator and
the SUVs were then isolated by chromatography on
a Sepharose CL-4B column as previously described
[19].
2.3. Fluorescence methods
The £uorescence polarization of DPH and the £u-
orescence spectra of prodan and HC in model mem-
branes were recorded on an SLM 8000 spectro-
£uorimeter equipped with Glan^Thompson prisms
[19,20]. The sample chamber of the £uorimeter was
maintained at a constant temperature with a thermo-
stated-controlled water bath, and the temperature in
the cuvette was directly recorded with a Bailey In-
struments digital thermometer (model Bat 8). The
£uorescence polarization of DPH is sensitive to
phospholipid acyl chain motion. The £uorescence
polarization measurements were performed as previ-
ously described where the excitation wavelength was
350 nm and the emission was monitored with a
Corning 3^144 cuto¡ ¢lter.
The £uorescence spectra of prodan is sensitive to
the microenvironment of the probe [21^24]. Prodan
probably localizes at the hydrophobic^hydrophilic
interface of the phospholipid bilayer and appears to
be a better probe for the bilayer surface than laur-
odan which occupies a deeper region of the bilayer
[23,24]. The £uorescence spectra were recorded and
analyzed to calculate the generalized polarization
(G.P.) [21,22] values using the following equation:
G:P:  F4703F430=F470  F430 1
where G.P. is the generalized polarization, F470 is the
£uorescence intensity measured at 470 nm, and F430
is the £uorescence intensity measured at 430 nm
when using an excitation wavelength at 360 nm.
The £uorescence spectra of HC is also sensitive to
its microenvironment where changes in membrane
surface potential result in changes in the ionization
state of the probe [25,26]. The coumarin ring is
thought to reside close to the phosphate group of
the phospholipid. The protonated probe emits with
a £uorescence maximum at 397 nm whereas the un-
protonated probes emits with a £uorescence maxi-
mum at 450 nm and a much higher quantum yield.
In these studies, the probe was excited at 345 nm
which is the isosbestic wavelength and the £uores-
cence spectra were analyzed to determine the ratio
(I450/I397) of the £uorescence intensity at 450 and 397
nm.
The concentration dependence of the emission of
the pyrenyl lipids PMC and PMC-succinate can be
described by the equation
E=M  PTk=R 2
where E is the excimer £uorescence intensity, M is
the monomer £uorescence intensity, [P] is the con-
centration of the pyrene analog, T is the absolute
temperature, k is a constant incorporating both ex-
perimental variables and the lateral di¡usion of the
lipid molecule, and R is the viscosity of the medium
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surrounding the pyrene [19]. In liquid^crystalline
phospholipid matrices, the E/M ratio can provide a
relative measure of the lateral di¡usion of the pyrene
probe [35,36]. In a gel phase phospholipid matrix, the
E/M ratio can provide information on the equili-
brium distribution of the pyrene probe. The E/M
ratio vs. temperature was directly recorded with the
spectro£uorimeter in the T format with the monomer
emission measured via the monochromator and the
excimer emission recorded using a ¢lter. The concen-
tration dependence of the excimer £uorescence can
also be used to measure the kinetics of transfer of
pyrenyl probes from donor to acceptor SUVs [33,34].
Donors and acceptors were mixed manually and the
£uorescence signal measured as a function of time,
digitized and analyzed by a non-linear least squares
program to obtain a ¢rst-order rate constant [28].
Activation energies were determined from Arrhenius
plots of the rate constants.
3. Results
3.1. POPC^Sterol interaction
The e¡ect of cholesterol and CHEMS on the phys-
ical^chemical properties of POPC liposomes was de-
termined by using the £uorescence polarization of
DPH to measure acyl chain mobility, prodan £uo-
rescence spectral analysis to determine changes in
interfacial polarity, and HC spectral analysis to esti-
mate changes in interfacial surface charge. Represen-
tative spectra of prodan and HC in POPC liposomes,
in POPC liposomes containing 25 mol% cholesterol,
and 25 mol% CHEMS are demonstrated in Fig. 1.
As seen in previous studies, the addition of choles-
terol to POPC liposomes dramatically blue shifts the
£uorescence emission maximum [20^22] from an
emission maximum of 480 nm in POPC liposomes
to 430 nm for POPC/cholesterol liposomes. This ef-
fect has been interpreted to indicate that cholesterol
decreases water penetration into the interfacial re-
gion of the bilayer. CHEMS also induces a blue shift
in the £uorescence spectra of prodan; however, it
was not as pronounced. The £uorescence spectra of
prodan in POPC/CHEMS bilayers was intermediate
between that of the probe in POPC and POPC/cho-
lesterol bilayers. The e¡ect of phospholipid surface
charge on HC £uorescence properties was demon-
strated using a negatively charge POPA bilayer
where the £uorescence emission maxima for the un-
protonated probe is 450 nm (Fig. 1B). The £uores-
cence spectra of HC in POPC liposomes demon-
strated emission maxima at 397 and 450 nm. The
addition of cholesterol induces a small increase in
the £uorescence intensity at 450 nm whereas
CHEMS induces a large increase which indicates
an increase in surface potential or charge density.
The e¡ect of cholesterol and CHEMS on the phys-
Fig. 1. Representative £uorescence spectra of prodan (A) and
HC (B) are shown for POPC liposomes (b), POPC liposomes
containing 25 mol% cholesterol (F), and POPC liposomes con-
taining 25 mol% cholesteryl hemisuccinate (R). For prodan,
the £uorescence intensities were normalized to 1 at the £uores-
cence emission maximum. The spectra were analyzed to deter-
mine G.P. as de¢ned in Eq. 1. The G.P. values for POPC,
POPC/cholesterol, and POPC/cholesteryl hemisuccinate were
30.268, 0.346, and 30.015, respectively. For HC, the £uores-
cence intensities were normalized to 1 at 396 nm and the spec-
tra were analyzed to determine values for I450/I390. The I450/I390
values for POPC, POPC/cholesterol, and POPC/cholesteryl
hemisuccinate were 0.752, 0.915, and 1.62, respectively. For
comparison with a negatively charged phospholipid surface, the
£uorescence spectra of HC in POPA liposomes was measured
(a) under identical conditions to that for HC in POPC/choles-
teryl hemisuccinate liposomes. The temperature at which the
samples were measured was 30‡C.
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ical properties of POPC was determined as a func-
tion of temperature and sterol concentration (Fig. 3)
where the measurements were DPH £uorescence po-
larization, G.P. value for prodan, and I450/I390 values
for HC. In a concentration-dependent manner, cho-
lesterol decreased acyl chain motion in POPC lipo-
somes as demonstrated by increased £uorescence po-
larization values of DPH (Fig. 2A). The change in
£uorescence polarization with temperature was sim-
ilar for each concentration of cholesterol as indicated
by essentially parallel lines. At similar concentrations
to cholesterol, CHEMS demonstrated smaller
changes in the £uorescence polarization (Fig. 2B).
Also, the variation with temperature was di¡erent
where the changes in £uorescence polarization values
was less pronounced at elevated temperature. The
addition of cholesterol increased the G.P. values in
a concentration-dependent manner (Fig. 2C). The
e¡ect of temperature was similar for each concentra-
tion of cholesterol as demonstrated by essentially
parallel lines for changes in G.P. versus temperature.
The addition of CHEMS did not increase the G.P.
values to the same extent as did cholesterol (Fig.
2D). However, the G.P. versus temperature curves
were essentially parallel. Increasing the concentration
of cholesterol in POPC liposomes had little e¡ect on
the £uorescence spectra of HC (Fig. 2E). However,
the addition of CHEMS increased the I450/I390 values
in a concentration-dependent manner (Fig. 2F). The
I450/I390 values also increased with temperature.
In Fig. 3, the £uorescence polarization, G.P., and
I450/I390 values are compared for cholesterol and
CHEMS at one measured temperature. Both sterols
change the £uorescence measurements in a concen-
tration-dependent manner. The higher £uorescence
polarization results (Fig. 3A) clearly demonstrate
that cholesterol has a much greater e¡ect in decreas-
Fig. 3. The measurements for £uorescence polarization of DPH
(A), G.P. for prodan (B), and I450/I390 values for HC (C) were
analyzed as a function of the mol% of added cholesterol deriva-
tive. The data are for POPC liposomes containing cholesterol
(b) or cholesteryl hemisuccinate (F). The temperature at which
the samples were measured was 30‡C.
Fig. 2. The e¡ect of cholesterol and cholesteryl hemisuccinate
on the physical properties of POPC liposomes was measured by
the £uorescence polarization of DPH (A,B), the G.P. of prodan
(C,D), and the I450/I390 values of HC (E,F).The £uorescence
values were measured as a function of temperature and concen-
tration for cholesterol (A,C,E) and cholesteryl hemisuccinate
(B,D,F). The data are for POPC liposomes containing 0 (a),
5 (b), 10 (F), 15 (R), 20 (S), and 25 (8) mol% cholesterol or
cholesteryl hemisuccinate.
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ing the acyl chain motion of POPC bilayers. Choles-
terol increases the values for G.P. to a much greater
extent than CHEMS (Fig. 3B), which indicates that
cholesterol decreases the hydration of the lipid^water
interface more than CHEMS. However, CHEMS in-
creases the surface charge as indicated by increases in
the I450/I390 values. We interpret the results to indi-
cate that the carboxyl group of CHEMS is located at
the lipid water interface where it increases the surface
charge and has little e¡ect on changes in interfacial
hydration.
3.2. DPPC^Sterol interactions
The e¡ect of cholesterol on DPPC acyl chain order
demonstrated the predictable changes in the £uores-
cence polarization of DPH (Fig. 4A). In a gel phase
lipid matrix (measured temperature 6Tc of 42‡C),
the £uorescence polarization values decreased due to
the addition of cholesterol decreasing acyl chain or-
der. In a liquid crystalline lipid matrix (measured
temperature sTc of 42‡C), the £uorescence polar-
ization values increased to due to cholesterol increas-
ing the acyl chain order. When the data was analyzed
at one temperature (Fig. 5A), there was a concentra-
tion-dependent change in the £uorescence polariza-
tion by the addition of cholesterol in both gel and
£uid phase matrix. In contrast, CHEMS up to 25
mol% had little e¡ect on the £uorescence polariza-
tion of a gel phase lipid matrix of DPPC (Fig. 4B).
In the £uid phase matrix, CHEMS increases the £u-
orescence polarization and decreases acyl chain mo-
bility. Similar to the results in POPC bilayers, the
£uorescence polarization decreased with increasing
temperature. When the data for cholesteryl hemisuc-
cinate was directly compared with cholesterol (Fig.
5A), it was clearly demonstrated that cholesterol has
a more pronounced e¡ect in the gel phase matrix
(T = 25‡C), whereas the two sterols have similar ef-
fect in the £uid phase matrix (T = 50‡C).
The G.P. values are increased slightly by choles-
terol in a gel phase matrix (Fig. 4C). The £uores-
cence properties of prodan are primarily determined
by solvent relaxation and gel phase lipid matrix have
both decreased interfacial hydration and increased
order to minimize changes in solvent relaxation. In
Fig. 4. The e¡ect of cholesterol (A,C) and cholesteryl hemisuccinate (B,D) on the physical properties of DPPC liposomes was meas-
ured by the £uorescence polarization of DPH (A,B) and the G.P. measurements of prodan (C,D). The data are for DPPC containing
0 (a), 5 (b), 10 (F), 15 (R), 20 (S) and 25 (8) mol% cholesterol or cholesteryl hemisuccinate.
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the DPPC £uid phase (T = 50‡C), the addition of
cholesterol increases the values of G.P. similar to
that found in POPC bilayers. The values change lin-
early with the amount of cholesterol (Fig. 5B). The
addition of CHEMS did not a¡ect the G.P. values in
the gel phase; however, they did increase in a con-
centration-dependent manner in the £uid phase
(Figs. 4D and 5B). In both the £uid DPPC matrix
(T = 50‡C) and POPC matrix, the addition of choles-
terol demonstrated a much larger change in the £uo-
rescent properties of prodan than the addition of
cholesteryl hemisuccinate.
The e¡ect of cholesterol and CHEMS on the £uo-
rescence properties of HC was measured in gel and
£uid matrices of DPPC (Fig. 5C). Cholesterol had no
e¡ect on I450/I390 values at 25 or 50‡C. CHEMS dem-
onstrated a concentration-dependent increase which
was more pronounced in the liquid crystalline matrix
and very similar to the results in the POPC liquid^
crystalline matrix.
3.3. PMC and PMC-succinate^phospholipid
interaction
Pyrene excimer £uorescence was used to investi-
gate the interaction of PMC and PMC-succinate
with POPC and DPPC. In liquid^crystalline POPC
(Fig. 6A) and DPPC (Ts 42‡C) (Fig. 6B) matrices,
both probes demonstrated essentially identical be-
havior for the changes in excimer/monomer ratio
versus temperature (Fig. 6A). In a gel phase DPPC
(T6 42‡C) matrix, the two probes demonstrated dif-
ferent behavior which was dependent upon the incu-
bation conditions (Fig. 6B). When the lipid mixtures
were kept at 4‡C for 24 h to establish equilibrium
conditions, the two probes demonstrated di¡erent
temperature pro¢les upon heating. This indicated dif-
ferent lateral distributions for the two probes in a gel
phase DPPC matrix. Upon cooling below 42‡C, the
Table 1
Summary of kinetic data for the transfer of PMC and PMC-succinate at 37‡C
Sterol Donor matrix k (min31) t1=2 (min) Ea (kcal/mol)
PMC POPC 0.0560 12.4 21.5
POPC/POPEa 0.0506 13.7 19.3
POPC/POPA 0.0447 15.5 19.8
POPC/POPG 0.0473 14.7 19.8
Average 0.0497 þ 0.0049 14.1 þ 1.3 20.1 þ 0.96
PMC-succinate POPC 0.224 3.09 16.9
POPC/POPE 0.357 1.94 17.2
POPC/POPA 0.327 2.12 17.6
POPC/POPG 0.513 1.35 17.3
POPG 0.268 2.58 18.3
Average 0.338 þ 0.11 2.21 þ 0.66 17.5 þ 0.53
aThe phospholipid mixtures contained equal weight amounts of the two phospholipids.
Fig. 5. The measurements for £uorescence polarization (A),
G.P. for prodan (B), and I450/I390 values for HC (C) were ana-
lyzed as a function of the mol% of added cholesterol derivative.
The data are for cholesterol (a,E) and cholesteryl hemisuccinate
(b,F) at 25‡C (a,b) and 50‡C (E,F).
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excimer/monomer ratio versus temperature was also
di¡erent for the two probes. The results clearly dem-
onstrate that succinylation of a cholesterol analog
alters its distribution in a gel phase phospholipid
matrix when compared with the parent compound.
3.4. Sterol exchange
The change in excimer £uorescence was used to
determine the transfer of PMC and PMC-succinate
between SUVs which varied in phospholipid compo-
sition. The phospholipids were chosen to have iden-
tical acyl chains such that there would not be any
di¡erences in the rate of transfer due to the prefer-
ential association of PMC or PMC-succinate with
phospholipids containing di¡erent acyl chains. These
experiments were designed to measure the e¡ect of
changes in surface charge due to the presence of
phospholipids having di¡erent charged headgroups.
As demonstrated in Fig. 7A, the transfer of both
PMC and PMC-succinate from POPC/POPA SUVs
was ¢rst-order. For all of the phospholipid compo-
sitions, which included donor SUVs consisting of
POPC, POPC/POPE (50:50 w/w), POPC/POPA
(50:50 w/w), POPC/POPG (50:50 w/w), and POPG
studied (Table 1), the transfer was a ¢rst-order proc-
ess which indicates that there was only one kinetic
pool. In general, the rate of transfer of PMC-succi-
nate was V7-fold faster than PMC. Arrhenius plots
Fig. 6. The excimer/monomer ratio was determined as a func-
tion of temperature for PMC (b,F) and PMC-succinate (a,E) in
POPC (A) and DPPC (B) bilayers. The phospholipid liposomal
mixtures each contained 5 mol% of the pyrenyl lipid. The sam-
ples were incubated overnight at 4‡C to obtain an equilibrium
distribution of the probes in the bilayer. The samples were then
incubated at 20‡C and the excimer/monomer ratio followed ¢rst
as a function of increasing temperature (b,a) up to 55‡C and
then decreasing temperature (F,E) back to 20‡C. It took ap-
proximately 30 min for each of the increasing and decreasing
temperature scans.
Fig. 7. Changes in the excimer £uorescence of PMC and PMC-
succinate was used to measure the kinetics of transfer of these
lipids between donor (0.01 mM phospholipid) and acceptor (0.2
mM phospholipid) single unilamellar r vesicles. The excimer £u-
orescence was measured at 475 nm. with an excitation wave-
length at 342 nm. All SUV preparations contained 5 mol% of
the pyrenyl lipid and were isolated as identical eluting fractions
o¡ of a Sepharose Cl-4B column (1.6U35 cm). (A) Representa-
tive traces for the transfer of PMC (b) and PMC-succinate (F)
from POPC/POPG (1:1 w/w) SUVs to POPC SUVs at 37‡C.
The solid lines demonstrate a ¢rst-order ¢t to the data where
the rate constant for PMC was 1.06U1033 þ 8.56U1036 s31
and for PMC-succinate was 1.28U1032 þ 4.24U1035 s31. (B)
Arrhenius plots for the transfer of PMC from POPC (b) and
POPC/POPG (F) SUVs, and for PMC-succinate from POPC
(a) and POPC/POPG (E) SUVs.
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were linear which suggest that there was no e¡ects
due of a phase transition change over the temper-
ature range studied (Fig. 7B). The activation energy
for transfer was approximately 2.5 kcal/mol lower
for PMC-succinate.
4. Discussion
The succinyl esters of cholesterol and K-tocopherol
exhibit antiproliferative and apoptotic activities that
are not duplicated by the parent compounds of cho-
lesterol, K-tocopherol, or succinic acid [1,2]. Succinic
acid is a four-carbon dicarboxylic acid. Acylation of
cholesterol or K-tocopherol with succinic acid adds a
carboxylate group at the end of a four-carbon chain
and also places the ring structures of the two com-
pounds deeper in the bilayer. The biological impor-
tance of this modi¢cation is demonstrated where the
ether linked analogs demonstrate equal potency to
the ester linked molecules [2]. Thus, the biological
e¡ect is due to the modi¢cation of the parent com-
pound and not due to the parent compound itself.
Cholesterol acts as the major modi¢er of lipid £uid-
ity in natural membranes [37]. The e¡ect of CHEMS
and TS in inhibiting the growth of in tumor cells has
been interpreted in changing membrane £uidity.
However, studies have demonstrated that the ionic
nature of these compounds is also needed [1]. If the
acidic group is eliminated, the compounds no longer
demonstrate their physiological properties. Thus,
these amphipathic molecules may be thought of as
bulky fatty acids in that they have a single hydro-
phobic chain, i.e., cholesterol or K-tocopherol, and a
single free carboxylate group. This concept may help
to explain the e¡ect of CHEMS on the physical
properties of phospholipid bilayers.
The biological activity of CHEMS and TS has
been suggested to be due to their incorporation
into membranes [2]. It is well known that cholesterol
increases £uidity and decreases order in gel phase
phospholipids and decreases £uidity and increases
order in liquid^crystalline state phospholipids. As
determined by di¡erential scanning calorimetry, the
e¡ect of CHEMS on the liquid^crystalline phase
transition properties of DPPC was very similar to
cholesterol [14]. In this study, the £uorescence polar-
ization of DPH was used to measure acyl chain or-
der. In a liquid^crystalline phase POPC bilayer, the
£uorescence polarization values are dramatically
higher for cholesterol than for CHEMS, which indi-
cates that cholesterol has a signi¢cantly more order-
ing e¡ect. However, in the liquid^crystalline phase
DPPC bilayer, the £uorescence polarization values
are very similar for the two sterols. It has been pro-
posed that cholesterol ¢ts into a v9 pocket in acyl
chains, e.g., oleic acid and K-linoleic acid, which have
their initial double bond at C9^C10 [16,38]. POPC
would have a v9 pocket to accommodate cholesterol
which would lead to tighter intermolecular packing
and higher £uorescence polarization values. For
CHEMS, the sterol ring structure is placed deeper
in the bilayer and would not ¢t in the v9 pocket of
POPC. Thus the di¡erences in the e¡ects of choles-
terol and CHEMS on the £uorescence polarization
of DPH in a POPC matrix is due to the preferential
interaction of cholesterol with oleic acid containing
phospholipids. In a liquid^crystalline phase DPPC
bilayer there are no double bonds in palmitic acid
which would lead to a preferential interaction of
the acyl chains with either cholesterol or CHEMS.
In gel phase DPPC bilayer, cholesterol decreases the
£uorescence polarization values which demonstrates
decreased acyl chain order. However, there was little
change in the £uorescence polarization values of
DPH by the addition of CHEMS. Additionally, there
are di¡erences in the equilibrium distribution of
PMC and PMC-succinate in gel phase DPPC. This
is demonstrated by changes in the excimer/monomer
ratio and occurs when the samples were rapidly
cooled or when incubated overnight at 4‡C (Fig.
6). Both of these results suggest that succinylation
alters the interaction of the sterol with gel phase
phospholipids, probably by alteration of the location
of the sterol in the bilayer. The hydrophobic length
of cholesterol in a gel phase bilayer is equivalent to a
17-carbon acyl chain [39]. CHEMS, which is a longer
molecule, could extend across one monolayer of the
bilayer and partially interdigitate into the opposing
monolayer of the bilayer. Also, the CHEMS mole-
cule, which has saturated acyl chains on either end of
the sterol ring system, could form a rigid structure
which could co-crystallize in a gel phase phospholip-
id matrix. Both cholesterol and K-tocopherol have
been demonstrated to interact di¡erently with phos-
pholipids of di¡erent degrees of unsaturation
BBAMEM 77500 2-12-98
J.B. Massey / Biochimica et Biophysica Acta 1415 (1998) 193^204 201
[15,16,40], the results from this study would indicate
that the succinyl esters of these compounds, also
would have an acyl chain-dependent interaction
with di¡ering phospholipids. In mammalian cells,
cholesterol is found primarily (V85%) in the plasma
membrane in cholesterol/sphingolipid-rich domains
[41]. The results suggest that CHEMS would distrib-
ute di¡erently in cells than cholesterol.
The £uorescence properties of prodan and lauro-
dan have been used to demonstrate that the addition
of cholesterol to phospholipid bilayers alters the hy-
dration of the lipid^water interface by expelling
water [20,22]. Changes in the £uorescence spectra
of prodan have been interpreted to re£ect changes
in interfacial polarity, where a decrease in the G.P.
values signi¢es increased polarity in the bilayer. In
liquid crystalline phase POPC and DPPC bilayers,
cholesterol increases the G.P. values and thus de-
creases the polarity of the bilayer. In both lipid bi-
layers, CHEMS generated much smaller changes in
the G.P. values. The di¡erences in the G.P. values
for the two sterols is probably due to the L-OH
group of cholesterol replacing water molecules at
the lipid^water interface whereas CHEMS places a
much more hydrophilic protonated or unprotonated
carboxylate group at the lipid^water interface. In the
gel phase, there is little di¡erence between the e¡ects
of cholesterol and CHEMS where the addition of
either sterol has little a¡ect on the G.P. values.
The I450/I390 value of HC can be used to measure
changes in surface charge. The addition of cholester-
ol to gel phase or liquid^crystalline phase phospho-
lipid bilayers did not demonstrate any changes in this
value. However, a concentration-dependent increase
for CHEMS was found in liquid^crystalline phase
POPC and DPPC bilayers. A lesser e¡ect was found
in a gel phase DPPC matrix. These results are con-
sistent with the model where the carboxylate group
of CHEMS is located at the lipid^water interface.
These results demonstrate that CHEMS acts simi-
larly to a fatty acid to generate a negative membrane
surface charge [42].
The transfer of PMC and PMC-succinate between
single unilamellar vesicles was ¢rst-order, which in-
dicates that there is only one kinetic pool. These
results suggest that transbilayer migration or £ip-
£op is not a rate-limiting step [30]. Succinylation of
the sterol increased the rate of transfer approxi-
mately sevenfold over the unmodi¢ed sterol. The
higher rate of spontaneous transfer of the sterol suc-
cinate between membranes suggest that it would dis-
tribute di¡erently in cells than cholesterol. The trans-
fer of PMC from vesicles of di¡erent composition
was relatively constant and the transfer of PMC-suc-
cinate varied only approximately twofold. These re-
sults do not suggest that phospholipid headgroup
composition would signi¢cantly alter the equilibrium
partitioning of CHEMS between various intracellular
membranes. Cholesterol sulfate and CHEMS have
the similar amphipathic structure of the hydrophobic
cholesterol backbone and a charged polar group,
however cholesterol sulfate does not demonstrate
the antiproliferative e¡ect of cholesteryl hemisucci-
nate when added to cells. However, similar to fatty
acids, CHEMS may readily enter cells by the proto-
nated form of the sterol £ip-£opping between the
outer and inner lea£ets of the plasma membrane to
be internalized. Cholesteryl sulfate, which has a per-
manent negative change, probably does not readily
£ip-£op across membranes [32]. Thus, one possibility
for the di¡erences in the e⁄cacy of the two com-
pounds may be due to their ability to enter into cells
and activate processes in the membranes of speci¢c
organelles.
The mechanism(s) which determines the biologic
activity of CHEMS is not known. Our working hy-
pothesis is that the biological and physical properties
of CHEMS in cells is due to it being a membrane-
bound anionic lipid, being more similar to a fatty
acid that it being similar to cholesterol. One possible
mechanism, based on the observation that CHEMS
is a membrane-bound anionic lipid, is the activation
of protein kinase C isoenzymes. Altered regulation of
speci¢c protein kinase C isoenzymes has been dem-
onstrated to regulate the growth of cells that have
been shown to be a¡ected by CHEMS treatment [43^
45]. Anionic lipids activate protein kinase C by a
process that is not lipid-speci¢c [46]. Unsaturated
fatty acids can synergistically activate protein kinase
C in the presence of diacylglycerol which may lead to
stable membrane-bound constitutively active forms
of these enzymes [47]. Thus, similar to bulky poly-
unsaturated fatty acids, CHEMS may activate pro-
tein kinase C. CHEMS may also increase the local
[Ca2]i concentration adjacent to the membrane due
to generation of a negative electrostatic potential
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[48]. However, unlike naturally occurring fatty acids
whose concentrations are temporally limited by their
incorporation into cellular phospholipids and neutral
lipids, CHEMS is metabolically unaltered by cells [2].
Thus, CHEMS could constitutively activate signal
transduction processes in cells.
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